This study aimed at the assessment of applicability of static supercritical carbon dioxide extraction method (SFE) in biogeochemical characterization of oil shales as an alternative to the standard Soxhlet extration. A comparative investigation on yields and compositions of the solvent soluble bitumoids and their constituents extracted from Estonian Kukersite and Dictyonema oil shales by using Soxhlet extraction method (SEM) and static CO 2 supercritical fluid extraction in an autoclave at varied subpyrolysis temperatures was carried out. Resulting from TLC-and GC-MS-analyses, aliphatic and aromatic hydrocarbons and neutral oxygen compounds were separated and identified. For the first time, in the composition of the Kukersite bitumoid, homologous series of n-alkanones-3 to n-alkanones-7 were detected. The extracts obtained were similar in both group and individual composition, and geochemical parametres calculated on the basis of aliphatic hydrocarbons including that made static SFE applicable to geochemical investigation of oil shales.
Introduction
Oil shales in their variety have formed as a result of fossilization and sedimentation of marine and terrestrial biomass during millions of years. Maintained to a certain extent, their biogeochemical memory from time immemorial, oil shales in their variety consist of the fragments of ancient relic material in polymerized steric structure formed during fossilization, recognizable and investigable by analytical techniques. Oil shales are characterised by varied contents of the fossilized organic matter (OM) disproportionated between insoluble and soluble portions. Kerogen, making up the bulk of dispersed organic matter, is characterised as insoluble in organic solvents OM. Another part of the OM is not incorporated to the structure of kerogen and can be separated from oil shale matrix by using low-boiling solvents as extractables (bitumoid). The latter can be observed as a mobile phase inside a macromolecular network containing various biomarkers for elucidating the genesis of the OM in oil shale and the degree of its maturity. The composition of both insoluble kerogen and soluble bitumoid represents the source of geochemical information on the biogenic precursors of OM and transformation of the latter in the Earth's crust. Structural constituents of the kerogen are attainable to the analytical investigation only after thermochemical destruction and oil formation occurring usually at the temperatures of 350˚C -500˚C. Besides, pyrolysis is applicable for obtaining adequate feedback with initial matter via splinters formed from it during pyrolysis and provides reliable data on kerogen structure if the reaction mechanism is known. Fischer assay pyrolysis, hydrous pyrolysis and hydropyrolysis most often have been used [1] [2] [3] [4] . At the same time, characteristic fragments of the OM of oil shales are readily transferable to the bitumoid composition as compounds of different chemical classes using solid-liquid Soxhlet extraction (SEM) with low-boiling solvents and their mixtures at boiling temperatures and that is why it is used as a classic method for extraction of analytes from solid materials [5, 6] . SEM still remains a standard technique to which the performance of modern extraction techniques is compared. The most serious disadvantages of SEM are long extraction time required and a large amount of toxic solvents wasted. These drawbacks support the development for better and efficient techniques, and an intensive research on different modifications has been carried out in order to overcome the main disadvantages of conventional SEM. Available modifications include automated SEM, focused microwave-assisted SEM, high pressure SEM and fluidized bed extraction [7] . Rather little effects than essential advantages were observed. In [8] , solvents of different polarities as methanol, acetonitrile, acetone, methylene chloride, tetrahydrofuran, toluene and hexane were used, and the authors became convinced that the yields of extractables from different oil shales at room temperature were in time lower compared with SEM depending differently on the nature of the solvent. In the same work, dynamic SFE was demonstrated as effective for the isolation of substances of medium molecular weight and relatively low polarity. This method was tested for the geochemical investigation of sapropelites in [9] .
Introducing supercritical carbon dioxideas fluid offers several advantages over conventional solvent extraction. CO 2 is noncombustible, nontoxic and inexpensive as a solvent having low polarity. Its critical parameters (t cr = 31.1˚C, p cr = 7.38 MPa) are easily accessible. Due to the capacity of supercritical carbon dioxide to penetrate into porous media, the method seems to be prospective for the recovery of the soluble components in oil shale. Due to the low critical temperature of CO 2 , SFE like SEM leaves the most of kerogen matrix untouched and brings out the soluble matter trapped in the shale matrix. Carbon dioxide has a higher diffusivity and lower viscosity compared to liquid solvents, which should result in improved mass transfer properties during extraction. The solvent strength of SFE is dependent on its temperature and pressure, which can easily be manipulated to extract certain classes of compounds [10] . In [11] , SFE for the extraction of polychlorinated biphenyls from algae samples was used.
It has been reported that, in oil shales, dynamic extractions with pure supercritical carbon dioxide in a flow reactor, mainly n-alkanes, were extracted while addition of modifiers as methanol or ionic liquids slightly increased extract yield and enriched its composition with other compounds [8, 12] .
Estonian Kukersite and Dictyonema oil shales formed in Lower Paleozoic belong to the most ancient ones in the world. The source material of both kerogens is of marine origin. Kukersite is characterised by an extremely low bitumoid content arising from its allochthonous origin and sedimentation under conditions of oxidizing atmosphere. Dictyonema oil shale which proceeded formation under the influence of sulfate-reducing microbes, contains less kerogen and yields considerably more extractables in SEM [13] . Main structural units of OM of sapropelites and their pyrolysis oils are straight and, in less measure, branched carbon chains, precursors of which were fatty acids and isoprenoid structures, respectively, being transformed to bitumoid and kerogen pyrolysis oil composition as paraffins, olefins and ketones [14, 15] . The corresponding structures of oil shale have been formed by fossilization of the most stable components (fatty acids) of biological source material. The hydrocarbon chains in ancient oil shale kerogens have mainly odd carbon numbers [9, 14] . Dictyonema oil shale is a brown lithified clay belonging to the formation of black shales of sapropelic origin, whose OM is rich in heteroatoms [16, 17] . The aim of the present work is to determine and compare the extraction yields and compositions resulting from static SFE and SEM of oil shales, and on the basis of geochemical parametres calculated estimate the applicability of the SEF as an alternative method to the biogeochemical studies of oil shales.
Samples
Air-dry, finely powdered (0.04 -0.1 mm) and homogenised Kukersite and Dictyonema oil shale samples characterised in Table 1 were used as initial feedstocks.
One can see that the oil shales under investigation largely differ by OM d content, kerogen chemical composition and pyrolysis oil yield.
Experimental: Methods and Analysis
Oil shale samples were submitted to the static SFE at three different temperatures in a rocking 500 cm 3 stainless steel batch autoclave supplied with a manometer and gas valves. Starting with 100 g, the same portion of oil shale was extracted consequtively at 40, 100, and 150˚C and initial carbon dioxide pressure 9 MPa during 2 hours. At the end of heating, the system was cooled down to the ambient temperature. Then the gas amount was released from the autoclave via gas valve and the autoclave was opened. The extractables formed were diluted with diethyl ether and separated after each step. Diethyl ether was evaporated and the extract yields were determined by weight analysis.
Also, exhaustive SEM using chloroform and benzenemethanol mixture was carried out with obtaining bitu- moids A and C, respectively. Chemical composition of extracts was investigated by using thin-layer chromatography (TLC) and gas-chromatographic-mass-spectroscopic (GC-MS) methods.
Extracts were separated into groups of compounds by preparative TLC. Plates, 24 × 24 cm coated with a 2 mm silica gel (60 µm, Fluka) were used and 500 mg samples were analysed. n-Hexane as the eluent was used. As a result the fractions of aliphatic hydrocarbons, monocyclic aromatic hydrocarbons, polycyclic aromatic hydrocarbons, neutral heteroatomic compounds and high polar heteroatomic compounds were separated. The individual composition of compounds separated was analysed by GC-MS in 30 m capillary columns ZB-5 and HP-5MS. Identification was performed by the monitoring of the key ions.
Results and Discussion

Extraction Yields and Group Composition of the Extracts
Yields of extractables (bitumoids) eluated from oil shales by SEM and stepwise static SFE as well as their group composition separated by TLC are represented in Tables  2 and 3 . Kukersite gives in both processes lower extract yields compared with Dictyonema oil shale.
One can see that total bitumoid yields obtained as summarized yields of bitumoids A and C from SEM of Kukersite and Dictyonema oil shales using chloroform and benzene-methanol mixture consequtively were recovered as 0.79% and 4.88%. Stepwise SFE of Kukersite triplicated the yield of extractables while that of Dictyonema oil shale gave extractables less by 30% compared with SEM. It is noteworthy that SFE of Kukersite resulted in higher yields of extractables than those of bitumoids A and C summarized at every process temperature, i.e. 40, 100 and 150˚C. SFE of the Dictyonema oil shale at 40˚C resulted roughly in the same extractables yield as that of bitumoid A. So, the extractables obtained at 100 and 150˚C can represent an additional source of geochemical information in Kukersite case and observed as an alternative to the bitumoid C in Dictyonema case.
Group compositition data in Tables 2 and 3 show that all extracts were represented by the same groups of hydrocarbons and heteroatomic compounds despite originated from different oil shales and produced resulting from solvent or fluid processes. Heteroatomic compounds are prevailing over hydrocarbons, particularly in Soxhlet extracts where the content of those amounts to 88% -92%. Among heteroatomic compounds the polar ones, and in the composition of hydrocarbons the aliphatic ones are prevailing over neutral and aromatic ones, respectively. It can be seen that SFE compared with SEM produces considerably more hydrocarbons and less high polar heteroatomic compounds.
Extraction Efficiency and Selectivity
Extraction efficiency of SEM and SFE with regard to different compound groups determined is represented in Tables 4 and 5. Extraction efficiency depends on both process variables as temperature, pressure, duration, solvent type and chemical composition of the source matter.
Higher in times efficiencies were obtained on account of certain compounds groups transformed to the extractables composition resulting from SFE. One can see that SFE performed already at 40˚C, i.e. the lowest temperature used results in considerably higher production of aliphatic, mono-and polycyclic aromatic hydrocarbons and neutral heteroatomic compounds from both Kukersite and Dictyonema oil shales than SEM with liquid chloroform. Distinction between SFE and SEM efficiences becomes particularly evident when those compounds in extracts yielded from oil shales at 40˚C are compared with their yields in summarized bitumoids A and C. Further extraction at the temperatures 100˚C and 150˚C yielded additive portions of hydrocarbons and neutral heteroatomic compounds and that is why efficiency of different compound classes on the bases of summarized extract (∑150) with that in total bitumoid (bitumoids A + C) would be compared to obtain comparable and reliable data. Such comparison can be seen in Tables 4 and 5 demonstrating amplified regularities described above. Extraction efficiency of the same com- pound groups from Dictyonema oil shale surpasses that of Kukersite. Generalizing, SFE yields from both oil shales mainly various hydrocarbons and neutral heteroaromic compounds while SEM produces lots of high polar heteroatomic compounds the efficiencies of extraction always being higher for Dictyonema oil shale. Productivities of Soxhlet extractor and batch autoclave in case of Dictyonema and Kukersite oil shale were 10 -50 and 120 -200 mg/h, respectively. SFE leads to higher productivities at lower temperature and shorter process duration.
Composition of the Extracts
According to the GC-MS data the compounds having long straight alkyl chains, are the most common in all extracts. In Figure 1 the composition of aliphatic hydrocarbons is depicted and one can see that n-alkanes distinctly prevail over isoalkanes. Among monoaromatic hydrocarbons homologoues n-alkyl benzenes with maximum 10 carbon atoms in side chain were identified (see Figure 2) . Homologous n-alkanes C 11 -C 25 and regular isoprenoids (m/z 71), alkylcyclohexanes (m/z 83), alkylbenzenes (m/z 92), naphthalene (m/z 128), methyl-, dimethyl-, trimethyl-and tetramethylnaphthalenes (m/z 142, m/z 156, m/z 170 and m/z 184, respectively), nalkanones-2 and symmetric n-alkanones (m/z 58), containing maximum 17 carbon atoms in the Kukersite extracts were found. The regularities of distribution and maximum length of hydrocarbonaceous chains was found differing depending on the extract origin.
For the first time, in the composition of Kukersite oil shale extraction products homologous series of n-alkanones-3, n-alkanones-4 and n-alkanones-5, n-alkanones-6 and n-alkanones-7 were detected. As it can be seen in Figure 3 , identification of the latters is complicated be- cause those are characterized with the same m/z values as joint peak.
Dictyonema extracts were characterized by the same homologous series of compounds having, in most instances, longer alkyl chains amounting as an absolute maximum to 31 in n-alkanes. In addition to those in Kukersite extracts, besides phenantrene and its alkyl derivatives, carboxylic acids and esters were identified in Figure 4 . The latter were found when bitumoid C as a whole, characterized by as high as 91.6% content of high polar heteroatomic compounds, was subjected to the GS-MS analysis.
Geochemical Parametres
Below, in Tables 6 and 7 organic geochemical data of the extracts are represented.
Although there are some diver gencies in the values of parametres often used in geochemical investigation of oil shales and other caustobioliths depending on extraction conditions, the main tendencies and specific features of the oil shale under investigation can be described in like manner. n-Alkanes from Kukersite are characterized by odd ones predominance in their relative distribution, characaterized by carbon predominance index (CPI) that being higher than 1 what is characteristic for biogenic n-alkanes being preserved in immature OM. Predominance of the odd homologouesare characteristic in side chains of n-alkylbenzenes, n-alkylcyclohexanes and nalcanones series as well. According to the CPI values of hydrocarbons originated from Dictyonema oil shale originated the content of odd carbon homologoues is equal to those of even numbered. Pristane-to-phytane ratio is higher than 1 for structures originated from Kukersite while in Dictyonema shale this value is near to 1. The extracts obtained at higher SFE temperature are rich in high-molecular n-alkanes and some parallels with the bitomoid C can be drawn.
Juxtaposing the respective parametres, one can find similar regularities between bitumoid A and SFE 40˚C extract and bitumoid C and SFE at 150˚C. At the same time one can see in Tables 6 and 7 that summarized ex- tracts from SFE at 40˚C, 100˚C and 150˚C can be characte-rized as less different than bitumoid A and C between themselves. In dilemma, either anyone of the selected extracts or summarised SFE and SEM extracts should be used to characterize oil shale composition more ade-quately total extracts would be recommended.
These results lead to the consequence that the composition and relative distribution of n-alkanes do not change significantly when SFE of oil shale is used instead of SEM.
Conclusions
Stepwise SFE of the Kukersite and Dictyonema oil shales in static autoclaving conditions, representing thermal dissolution at subpyrolysis temperatures, was applied alternatively to conventional Soxhlet extraction (SEM).
Investigation on both group and individual composition and comparison of the geochemical parametres calculated on the basis of SEM and SFE extracts of the oil shales showed similarity, thus indicating the applicability of SFE to more effective separation of bitumoid components compared with laborious SEM.
Homologous n-alkanes, alkylmonoarenes, alkylpolyarenes and alkylalkanones easily extracted by SFE were identified, and new compounds as n-alkanones-3, n-alkanones-4, n-alkanones-5, n-alkanones-6 and n-alkanones-7 were found in SFE extracts.
This process can be observed as supercritical thermal dissolution performed stepwise. 
